The effect of the large catabolic IncP plasmid pJP4 on the competitiveness of Pseudomonas chlororaphis SPR044 and on its derivatives SPR244 (GacS deficient), SPR344 (phenazine-1-carboxamide overproducer), and SPR644 (phenazine-1-carboxamide deficient) in the Arabidopsis thaliana rhizosphere was assessed. Solitary rhizosphere colonization by the wild type, SPR244, and SPR644 was not affected by the plasmid. The size of the population of SPR344 carrying pJP4, however, was significantly reduced compared to the size of the population of the plasmid-free derivative. The abiotic stress caused by phenazine-1-carboxamide overproduction probably resulted in a selective disadvantage for cells carrying pJP4. Next, the effect of biotic stress caused by coinoculation of other bacteria was analyzed. Cells carrying pJP4 had a selective disadvantage compared to plasmid-free cells in the presence of the efficient colonizer Pseudomonas fluorescens WCS417r. This effect was not observed after coinoculation with a variety of other bacteria, and it was independent of quorum sensing and phenazine-1-carboxamide production. Thus, the presence of large catabolic plasmids imposes a detectable metabolic burden in the presence of biotic stress. Plasmid transfer in the A. thaliana rhizosphere from P. chlororaphis and its derivatives to Ralstonia eutropha was determined by using culture-dependent and cultureindependent techniques. With the cultivation-independent technique we detected a significantly higher portion of exconjugants, but pJP4 transfer was independent of the quorum-sensing system and of phenazine-1-carboxamide production.
Intensive industrial and agricultural exploitation and the use of pesticides and fertilizers lead to the contamination of soils with xenobiotic compounds. Diverse microbial communities present in terrestrial habitats metabolize a wide range of such chemicals (12, 13, 22) . However, many synthetic compounds persist in the environment for extended periods, because the catabolic capacity is not present or the degradative population is too small or not active enough to remove them. Introduction of plasmid-borne catabolic genes into contaminated sites is a promising strategy for enhancing the breakdown of xenobiotic compounds. The introduced microorganisms or indigenous organisms could degrade a pollutant, but the latter possibility requires efficient plasmid transfer (4, 5, 7, 18, 29, 30) .
A model compound for the study of degradation by plasmidencoded catabolic functions is the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) , which is a chlorinated phenol that functions as an auxin analog and is used for weed control. Most of the 2,4-D degradative pathway is encoded by plasmid pJP4 isolated from Ralstonia eutropha JMP134 (8, 9) . This 80-kb broad-host-range self-transmissible plasmid belongs to the IncP␤ group and determines resistance to mercury ions and phenyl mercury acetate and partial catabolism of 2,4-D, 2-methyl-4-chlorophenoxic-acid, and 3-chlorobenzoate (10) . Complete degradation requires the production of the enzyme maleylacetate reductase by a host, such as R. eutropha.
Transfer of pJP4 to indigenous soil organisms has been reported previously, but the transfer rates were low, so that bioremediation strategies based on plasmid spread seemed to have limited potential (17) . Introduction of nutrients or of high concentrations of 2,4-D enhanced plasmid transfer (4, 14, 18) , but such procedures are hardly feasible under field conditions or would result in additional cost. The reasons for the limited spread of plasmids are largely unknown, but they may be related to slow growth or the stationary-phase physiology of the introduced bacteria. Therefore, we analyzed plasmid transfer in the rhizosphere, which is an environment with higher concentrations of nutrients than bulk soil (3) .
Limited work has been done to systematically assess the influence of the additional metabolic load imposed by large catabolic plasmids on the competitiveness of strains introduced into the environment. To address this question, pJP4 was introduced into SPR044 and derivatives of this strain affected in acyl-homoserine lactone (acyl-HSL) or phenazine-1-carboxamide (PCN) production by conjugative transfer from Escherichia coli (25) . The presence of pJP4 was confirmed by reisolation of the plasmid and restriction analysis. The growth rates of the transformants were comparable to those of the plasmidfree strains in liquid Luria-Bertani (LB) and minimal media (data not shown). To assess the effects of pJP4 on the ability of P. chlororaphis to colonize the Arabidopsis thaliana rhizosphere, autoclaved soil microcosms containing 25 g (dry weight) of soil (Floraton 1; Florgard) were amended with 100 ml of water containing a culture in the logarithmic growth phase. Fifty A. thaliana seeds were surface sterilized by immersion in bleach and distributed randomly on the soil surface (25) . Ten plants were harvested randomly after 14, 28, and 42 days. After removal of unattached soil, the root weight was determined; this was followed by transfer into flasks containing 10 ml of phosphate-buffered saline (pH 7.2) and 0.5 g of glass beads (diameter, 0.25 to 0.3 mm; B. Braun Biotech International) and vigorous shaking for 20 min. Serial dilutions were then plated on LB medium. After 14 days, the sizes of the populations of plasmid-free strain SPR044 and strain SPR244 were approximately 10 7.3 CFU/g of roots and the sizes of the populations of SPR344 and SPR644 were approximately 10 7.5 CFU/g of roots. In comparison, the sizes of the populations of the strains carrying pJP4 were reduced between 1.3 and 6.6% and thus did not differ significantly (P Ͼ 0.05) in all cases (Fig.  1) . Similarly, after 28 days we observed reductions in the sizes of the populations of the plasmid-carrying cells ranging from 1.5% in case of SPR244 to 7.6% in the case of SPR344. Whereas the reduction in the size of the SPR344 population was obvious, it was not statistically significant according to the Mann-Whitney U test (SPSS10 for Macintosh). However, after prolonged incubation for 42 days, the sizes of the populations of the pJP4-carrying cells of SPR044, SPR244, and SPR644 were reduced by 4.1, 1.5, and 2.7%, respectively, compared to the sizes of the populations of the plasmid-free strains. These reductions were significantly less pronounced than the statistically significant reduction of 9.5% observed in case of SPR344, which corresponded to a difference of almost 2 orders of magnitude between the plasmid-free strain and the pJP4-carrying strain (Fig. 1) . These results show that pJP4 does not have a significant effect on rhizosphere colonization by the wild type and the acyl-HSL-and PCN-deficient mutants. In contrast, a negative effect on the PCN-overproducing strain was detected. Since the changes in lipopolysaccharide composition alone were probably not responsible for the effects observed in case of SPR344 (6, 24) , a likely interpretation is that the abiotic stress caused by PCN overproduction resulted in the reduced competitiveness of SPR344 carrying pJP4.
In contrast to the results described above, reduced fitness of Pseudomonas fluorescens carrying pQBR103 was observed during initial colonization of the sugar beet phytosphere under greenhouse and field conditions but not after further development of the plants (15) . Since sterile microcosms and fastgrowing A. thaliana were used in the present study, it is possible that such a period of reduced fitness had already passed prior to the first sampling time. Alternatively, the difference may have been due to the plant-bacterium interaction and plasmid used, so that the experiments cannot be compared directly.
As a next step, we analyzed rhizosphere colonization by strains carrying pJP4 in the presence of other microorganisms, which more closely reflected a natural ecosystem. Strain SPR344 was not investigated further, because the presence of pJP4 per se conferred a selective disadvantage. For identification of TnMod insertion derivatives recovered from coinoculation experiments, LB agar was supplemented with kanamycin (100 g/ml). The typical colony pigmentation was exploited for identification of Pseudomonas aureofaciens (orange) and P. chlororaphis (yellow with green PCN crystals). When strains SPR044, SPR244, and SPR644 were inoculated simultaneously with P. aureofaciens 30-84 or with a mixture of P. aureofaciens 30-84, R. eutropha JMP134, Pantoea agglomerans, and Stenotrophomonas maltophilia (Table 1 ), no significant difference was detected between the relative sizes of the populations of pJP4-containing and plasmid-free bacteria after 14, 28, or 42 days (data not shown). In contrast to these observations, a rapid decline in the size of the population of pJP4-carrying strain P. putida UWC3 in soil was reported (4), but this may have been
Rhizosphere colonization by pJP4-carrying SPR044 and its derivatives. The average log CFU values for six independent cultivation experiments with pJP4-carrying cells were determined at different times after sowing and were divided by the corresponding values for parallel cultures of plasmid-free cells. The reduction in colonization efficiency is the difference from a ratio of 1:1. Differences between means for the same cycle labeled with the same letter are not statistically significant. due to the different experimental setup used. First, the stationary-phase cultures used as the inoculum were probably metabolically less active, and even 2,4-D-amended soil did not support bacterial growth as efficiently as the rhizosphere. Second, the experiments were performed in nonsterile soil, and biotic stress is generally higher under these conditions. The results of coinoculation experiments with P. fluorescens WCS417r, however, were quite intriguing. This strain was described as a particularly well-adapted colonizer of the A. thaliana rhizosphere (19) , and it could be discriminated from other bacteria by its ability to survive on LB agar supplemented with multiple antibiotics (13 g of chloramphenicol per ml, 100 g of carbenicillin per ml, 50 g of cycloheximide per ml, and 150 g of rifampin per ml). After 14 days of cocultivation, the ratios of plasmid-free strains SPR044, SPR244, and SPR644 to P. fluorescens WCS417r ranged from 0.96 to 1.0, showing similar initial colonization abilities (Fig. 2) . The ratios of pJP4-carrying strains SPR044, SPR244, and SPR644 to P. fluorescens ranged from 0.89 to 0.93, reflecting slight reductions compared to the plasmid-free strains. Similar ratios were determined after 28 days of cocultivation. After 42 days, however, significant differences between the ratios of plasmid-carrying and plasmid-free derivatives to P. fluorescens WCS417r were observed (P Ͻ 0.05). The ratio of SPR044 to the coinoculated strain was 0.93, compared to a ratio of 0.7 in the case of pJP4-carrying SPR044. Similarly, the values for SPR244 were 0.94 and 0.71, respectively, and for SPR644 the values were 0.86 and 0.76, respectively. P. fluorescens WCS417r is known to be well adapted to the A. thaliana rhizosphere, and cocultivation may therefore impose biotic stress similar to that in a natural environment. Nevertheless, the mechanism is not immediately apparent, because all the organisms tested had comparable growth rates in liquid media and did not inhibit each other. P. fluorescens WCS417r is a biocontrol agent and has been shown to trigger induced systemic resistance against the leaf pathogen Pseudomonas syringae pv. tomato in A. thaliana (20) . Chemicals released from the plant may impose stress on rhizosphere bacteria, and this may result in a competitive disadvantage for SPR044 and derivatives of this strain carrying pJP4, similar to the effect of increased PCN production on SPR344. Alternatively, biocontrol agent WCS417r and A. thaliana plants may live in a mutualistic association, and rhizosphere colonization could be stimulated by the plant. Streit and Phillips (27) showed that vitamin cofactors derived from the plant stimulated root colonization by Sinorhizobium meliloti, and a similar explanation may be applicable here. Therefore, WCS417r could have a slight competitive advantage over P. chlororaphis, which may become apparent upon nutrient limitation after prolonged rhizosphere colonization. Taken together, these studies revealed that the additional metabolic load of pJP4 per se does not necessarily affect rhizosphere colonization efficiency. In addition, neither the absence of acyl-HSL production nor the absence of PCN production resulted in a measurable difference. However, in the presence of additional abiotic or biotic stress the reduced fitness of plasmidcarrying cells compared to plasmid-free cells was detectable.
Finally, it was interesting to analyze the effects of production of acyl-HSLs on plasmid transfer. Acyl-HSLs act as signal molecules for cell density in many gram-negative bacteria, a phenomenon known as quorum sensing (11) . Conjugative transfer of the Ti plasmid of Agrobacterium tumefaciens is dependent on a quorum-sensing system, and plant-produced metabolites serve as additional triggers (21) . Whereas the transfer machinery of the A. tumefaciens Ti plasmid and the transfer machinery of the IncP plasmids are closely related (1), virtually no information is available on the effects of quorum sensing on the transfer of broad-host-range plasmids. As shown above, plasmid pJP4 affects host physiology, but the effects of host physiology on plasmid replication and propagation are largely unknown (2) . Therefore, the effect of quorum sensing on pJP4 transfer from SPR044 was analyzed next.
The donor strains P. chlororaphis SPR044 and its derivatives carrying pJP4 were coinoculated into the rhizosphere with the recipient R. eutropha, and transfer efficiencies were determined after 14, 24, and 42 days. R. eutropha colonies were discriminated from P. chlororaphis cells on the basis of their white pigmentation and their diameters, which were 0.5 to 1 mm, compared to a diameter of at least 2 mm for colonies of P. chlororaphis (which were yellow with green PCN crystals). Exconjugants (R. eutropha pJP4) were selected on M9 minimal medium supplemented with 2,4-D (30 g/ml) as a carbon source, because the plasmid-free recipient R. eutropha and the donor P. chlororaphis(pJP4) did not grow on this medium. Since the donor grew on M9 minimal medium supplemented with 0.5% glucose or myo-inosit, we concluded that in contrast to R. eutropha, this strain probably lacks chromosomally encoded maleylacetate reductase, which is required for complete degradation of 2,4-D (14) . The presence of the plasmid in exconjugants from selective agar plates was controlled by random isolation of clones, followed by restriction analysis (23) and plating on HgCl 2 -containing medium. In addition, the presence of the putative minor component of pJP4-determined pili (TrbF) was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of cell lysates followed by Western blotting and detection with TrbF-specific antiserum (25) . No exconjugants were detected when dilutions from control microcosms inoculated with SPR044 donors or R. eutropha only were plated on selective media. By using the plate count method, it was determined that P. chlororaphis donated pJP4 with an efficiency of 2% to R. eutropha exconjugants. After further cocultivation for 28 or 42 days, more exconjugants (up to 4% of the recipients) were detected. However, there was not a significant difference between SPR044 and its derivatives, showing that the quorum-sensing system does not affect pJP4 transfer efficiency ( Table 2) . The observed transfer rates were 10-fold higher than the rates observed in the case of IncP␣ plasmid RP4 transfer between pseudomonads in sterile loam soil (28) . This was probably a consequence of the prolonged incubation time and of the nutrients released by exudation from the plant roots. In addition, the nutrients may have attracted bacterial cells, so that the donor and recipient were in close proximity on the root surface, which is a prerequisite for plasmid transfer (26) . To avoid artifacts due to plate mating of the bacteria after retrieval from the rhizosphere or due to reduced viability of plasmid-carrying cells, the number of exconjugants was analyzed by a previously described culture-independent method in parallel (25) . Briefly, the samples were simultaneously analyzed in situ by 4Ј,6Ј-diamidino-2-phenylindole (DAPI) and immunofluorescence staining with an antiserum specific for TrbF, the putative minor component of pJP4-encoded pili. In addition, hybridization with fluorescently labeled oligonucleotides Pchl454 (detecting P. chlororaphis) or Bet42a (16) (detecting R. eutropha) allowed differentiation of donor and exconjugant. Cells retrieved from the rhizosphere were fixed by addition of paraformaldehyde to a final concentration of 4% (vol/vol) and incubation for 30 min at room temperature. The suspension was filtered through black polycarbonate membrane filters (pore size, 0.25 m; Millipore) to concentrate the extracted bacteria. For further analysis by immunofluorescence microscopy, the membrane filters were transferred upside down onto polylysine-coated cover slides, and this was followed by rehydration of the filters and air drying. Microscopic images were recorded by using a Spot-RT camera (Visitron) with a Zeiss Axioplan microscope and Spot (version 3.0) and IPLab (version 3.5) software. Zeiss filter sets Nr. 1 and Nr. 9 and the HQ filter set for Cy3, tetramethyl rhodamine isothiocyanate, and Alexa 546 (AHF Analysentechnik) were used for analysis of DAPI-, Oregon green-, and Cy3-stained cells, respectively. Enumeration of donors, recipients, and exconjugants was carried out visually by using screen images of the data acquired from the microscope analysis. Mean values for DAPI counts were transformed into total cell numbers by multiplication with the magnification factors. As determined by the cultivation-independent method, the number of exconjugants detected after 42 days was approximately eightfold higher than the number detected on selective agar plates (Fig.  3) . This was obviously an inherent feature of the exconjugants in the gene transfer experiment, because there was no difference between the results of cultivation-dependent and in situ determinations for pJP4-carrying donors (Fig. 3A) and plasmid-free recipients (Fig. 3B) . Similar results were obtained independent of the oligonucleotide probe used for hybridization. Therefore, the effect probably was not due to problems with penetration of oligonucleotide Pchl454 into the fixed donor cells, which would have resulted in overestimation of the number of recipients. As an additional control, pJP4-carrying R. eutropha cells grown in the rhizosphere alone were quanti-
Comparison of culture-dependent and culture-independent quantification of gene transfer in the A. thaliana rhizosphere. Donor strain SPR044(pJP4) and the R. eutropha recipient were coinoculated into the rhizosphere, and exconjugants were retrieved after 42 days. The numbers of donors, recipients, and exconjugants were determined by plating on rich medium and minimal medium with 2,4-D for selection of R. eutropha(pJP4). Alternatively, cells were detected in situ by a combination of fluorescent in situ hybridization with P. chlororaphisspecific oligonucleotide Pchl454 (A) or R. eutropha-specific oligonucleotide Bet42a (B) and TrbF-specific immunofluorescence staining. The data are the results of six independent experiments, and the mean deviations are indicated. fied, and there was no difference between the results of the culture-dependent method and the results of the culture-independent method (data not shown). One interpretation of the discrepancy described above is that expression of the tfd genes encoding the enzymes for degradation of 2,4-D in the recipient is delayed compared to expression of the genes in the trb operon. As a consequence, the in situ method detected the presence of pJP4-encoded Trb proteins in a higher proportion of the recipient cells, because not all of the cells were able to grow on selective minimal medium with 2,4-D. Similar conclusions could be drawn from a previous analysis of the transfer of 2,4-D degradative genes to soil populations of rhizobia. Transconjugants were selected based on the expression of plasmid-borne mercury resistance genes, and the genes required for 2,4-D degradation were not expressed (14) . Thus, in situ detection of exconjugants with Trb protein-specific antisera is obviously superior to classical plate count methods for quantification of exconjugants. The results of this study demonstrate that quorum sensing does not affect pJP4 transfer efficiency. The independence of pJP4 transfer from quorum sensing is in stark contrast to the transfer of the Ti plasmid, in spite of the resemblance of the transfer regions. It is therefore tempting to speculate that conjugative transfer of other broad-host-range plasmids, which do not possess a plasmid-encoded quorum-sensing system, may also not be regulated by the quorum-sensing system of the host. Analysis of the regulation of plasmid transfer is of interest for other studies, because efficient plasmid transfer is required for environmental spread of degradative capabilities. Application of plasmid donor strains via the rhizosphere of plants may enhance the introduction of catabolic plasmids, thus supplementing current phytoremediation strategies for cleanup of polluted ecosystems.
